ABSTRACT
Pattern matching is the ability to produce a stronger response to a previously learned pattern than to a novel pattern. Is it possible that the ability of mammals to recognize patterns is due to pattern matching by arrays of single neurons? Previous modeling studies have shown that plausible neuron models can match patterns of binary synaptic inputs. This study investigates the plausibility of analog pattern matching in a model of a dendrite with spines. Each dendritic spine includes a synaptic conductance and a calcium dependent potassium current whose properties depend on the previously learned value of synaptic conductance. The input to the model is a pattern of synaptic activation, and output of the model is the time integral of membrane potential (signal strength). Simulations show that signal strength is greatest when synaptic input equals the previously learned value, and is smaller when components of the synaptic input pattern are either smaller or larger than corresponding components of the previously learned pattern. The decrease in signal strength is proportional to the difference between input pattern and previously learned pattern. Pattern matching is robust to large changes in parameter values.
INTRODUCTION
Pattern matching is the ability to produce a stronger response to a previously learned pattern than to a novel pattern. The sensitivity and specificity with which animals can learn to recognize patterns has motivated the search for neuronal correlates of learning. In mammalian neurons, pairing weak stimulation of one pathway with strong stimulation of a separate but convergent pathway leads to strengthening of the synapses of the weakly stimulated pathway (Bliss & Collingridge 1993) . Associative conditioning (but not sham conditioning) results in the long term inactivation of the calcium dependent potassium conductance measured in hippocampal CA1 pyramidal cells (Disterhoft et al. 1986 , Sanchez-Andres and Alkon 1991) and Hermissenda crassicornis (Alkon et al. 1985 , Collin et al. 1988 ) as well as reduction of potassium currents in cerebellar Purkinje cells (Schreurs et al. 1996) .
Is it possible the ability of mammals to recognize patterns is based on such changes in the biophysical properties of single neurons? Previous modeling studies have shown that plausible neuron models can recognize patterns of binary synaptic inputs. Siegel et al. (1994) investigated how changes in the properties of the calcium dependent potassium current allow for neurons to perform pattern recognition. Mel (1992) showed that the properties of the NMDA channel made neurons sensitive to the degree of spatial clustering of the activated synapses. In both of these studies, a compartmental model of a neuron is trained by repeated activation of one set of synapses, and tested by activating either the same or a different set of synapses. The neurons responded most strongly to the synaptic pattern used to train the neuron, demonstrating binary pattern matching.
The ability to discriminate among patterns that activate the same set of synapses, but with different intensities, allows for much richer information processing capabilities by the dendritic tree (Blackwell et al. 1995) . This study investigates the plausibility of analog pattern matching in mammalian neurons by developing a biologically plausible model of a dendrite with dendritic spines.
METHODS
The model consists of a cluster of synaptic spines attached to a small area of dendritic membrane; each of the spines is modeled as an RC circuit (Fig 1a) . The input to the model is the set of excitatory synaptic conductances located on the spine heads. Each synaptic conductance is approximated as an alpha function (Fig 1c) with peak value g . Implicit in the model is an increase in spine intracellular calcium smax concentration proportional to g . smax Because long term inactivation of calcium dependent potassium conductances has been correlated with associative learning behavior, a calcium dependent potassium conductance, g , is included in each spine k head (Fig 1b) . g is non-inactivating:
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The sensitivity of m to calcium is modeled as a dependence on input synaptic conductance, g (t)
ss s and the previously learned value of peak synaptic conductance, g because the synaptic conductance is s0 permeable to calcium:
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The output of the model is the integral of the potential (signal strength, Agmon-Snir 1995) across the somatic end of the dendritic branch, V . 
RESULTS
The first set of experiments investigates the effect of parameters on pattern matching behavior in a model with a single dendritic spine. the standard parameters. These curves also illustrate that pattern matching is quite robust to changes in either of these parameters.
The second set of experiments investigates the sensitivity of the model to differences between the previously learned value and the synaptic input. Fig 3 illustrates pattern matching in a model with 8 spines in a single compartment. The previously learned value is 0.3 nA for all spines in 3a, and 0.7 nA for all spines in 3b. In both cases, signal strength decreases as the difference increases. Furthermore, for a given value of g -g , signal strength decreases with an increase in the number of spines whose input differs from the s0 smax learned value by that value.
The third set of experiments investigates the sensitivity when the model learns a heterogeneous pattern of synaptic inputs. Fig 4a illustrates pattern matching in a model with 2 spines, which learned the pattern (0.3, 0.7). As in the previous cases, signal strength peaks when synaptic input equals the previously learned value. strength when g is small than when g is large. Furthermore, when g is greater than g signal strength s0 s0 smax s0
is smaller than when g is less than g . This effect is also evident in Fig 3. smax s0
SUMMARY AND CONCLUSIONS
We showed that a group of spines in a single compartment responds more strongly to a previously learned pattern of synaptic inputs than to a novel pattern of synaptic inputs. Pattern matching behavior by this biologically plausible model suggests that neurons are able to discriminate input patterns that differ only in intensity distribution. The optimal parameters for pattern matching leads us to hypothesize the existence of a non-inactivating, fast activating calcium dependent potassium current in the spine head or on the dendritic branch. Evidence of voltage dependent potassium channels on distal dendrites (Wang et al. 1994 , Veh et al. 1995 , and voltage dependent calcium channels on dendritic spines (Mills et al. 1994 ) suggest the possibility that calcium dependent potassium channels may be found in the spine head, although calcium dependent potassium channels have not yet been found on dendritic spines. The use of a more accurate model of intracellular calcium concentration and potassium channel characteristics will permit investigations that elucidate the synaptic interactions that cause a change in properties of g steady state activation, m . k ss
